Plasma-enhanced chemical-vapor deposition (PECVD) is a chemical process used to produce highpurity, high-performance solid materials. The process is often used in the semiconductor industry to produce thin films. The understanding in the region from the gas inlet to the wafer surface is a crucial factor for successful thin-film deposition. The gaseous flow behavior and in turn, the growth of the thin film can be influenced by the reactor geometry, the thermo-flow conditions, and the operation procedure. In this study, the effects of various operating conditions and the shapes of the PECVD reactor are considered to elucidate the thermal-flow fields and the deposition rate. The noticeable feature of the model used in this study is that we can control the operating conditions such as the inlet velocity, the rotational speed of substrate in the PECVD reactor, and the design features of the PECVD reactor, such as the height of the susceptor and the distance between the susceptor and the wall of PECVD reactor chamber.
I. INTRODUCTION
The flow characteristics in a vertical CVD (Chemical Vapor Deposition) reactor with a rotating susceptor are studied to elucidate the deposition of gallium arsenide (GaAs), which is a common material used in electronic and optical devices [1] [2] [3] . A quantitative understanding of how operating and design choices affect the quality of the thin film has been difficult to achieve because of the three-dimensional geometry and the high degree of coupling between the fluid mechanics, heat transport, and species transport.
The rotating substrate CVD reactor was first studied in the early 70's, in which an incompressible stream function vorticity formulation with consideration of natural convection and chemical reaction was employed to simulate the transport process. Kusumoto et al. [4] studied the effects of working conditions and reactor geometry by using a transport model without consideration of the chemical reaction. In the past two decades, a number of investigations concerned with rotating-disk CVD * E-mail: yjkim@skku.edu; Fax: +82-31-290-5889 reactors have appeared. In order to avoid an exhaustive list of the literature, only that closely related to the present study will be mentioned herein. The most simplified analysis may be the similarity models used widely in a variety of fluid dynamics problems [5] . Since the flow over a rotating disk is one dimensional in some situations, a similarity analysis becomes a useful tool for obtaining an approximate solution. Evans and Grief [6] concluded that, for weak buoyancy effects, the one dimensional similarity solutions agree well with two-dimensional computations. Biber et al. [7] classified the buoyancy-induced plug flow and the rotation-induced flow patterns by using thermal and rotational flow parameters. Moffat and Jensen [8] used a parabolized approximation to the flow and transport equations to show that buoyancy forces could cause three-dimensional roll cells to develop, which seriously degraded the uniformity of the deposition in the reactor.
Previous modeling efforts have made significant contributions towards an understanding of the phenomena involved in a vertical CVD reactor. In this study, the effects of various operating conditions and geometric parameters in a PECVD reactor are considered to elucidate the velocity fields and the value of the deposition rate. The noticeable feature of the model used in this study is the ability to control the rotational speed of susceptor and the inlet velocity, as well as the geometric parameters. These effects have played an important role in the uniformity of deposition. Injected gases are moved to the substrate vertically and deposited uniformly through the streamlines. The gaseous flow behavior and in turn, the growth of a thin film can be influenced by the reactor geometry, the thermo-flow conditions, the operation procedure, and the sequential control. Therefore, an understanding of the transport phenomena is necessary for reactor design, as well as for process optimization.
II. METHODOLOGY
Governing Equations
In order to investigate the characteristics of the flow fields in a PECVD reactor, the governing equations of continuity, momentum, energy and chemical species can be expressed as follows [9] : mass:
momentum:
energy:
Equations for the chemical species are applied to predict the local mass fraction of each species through the solution to the convection-diffusion equation for the i-th species [10] :
where J i is the diffusion flux of species i, which arises due to concentration gradients and Y i is the local mass fraction of each species:
Here, D i,m is the diffusion coefficient of chemical species i, and R i is the reaction rate of the formation or extinction through the Arrhenius model: where A, E, and R are denoted as the frequency factor, the activation energy, and the gas constant, respectively.
Model and Grid System
A numerical model was made by using the 3D CAD tool Inventor. The numerical model of the CVD reactor is divided into two portions: the rotating substrate and the CVD chamber. With the parameters of the substrate fixed, the investigations were carried out with different geometries of the CVD chamber: distances from the inlet to the surface of the susceptor of 50, 100 and 150 mm and outer diameters of the CVD chamber of 240 and 300 mm. The CVD reactor used in this study and the main geometrical parameters are given in Figure 1 and Table 1 .
In order to calculate the flow characteristics inside the CVD reactor, three-dimensional grid systems were made of structured grids of about 700,000 cells by using GAM-BIT, which is the preprocessor of the commercial CFD code FLUENT. The configuration of the grid system is depicted in Figure 2 .
The flow was assumed to be laminar and steady state. In order to calculate the deposition rate on the susceptor, we used the Arrhenius model which represents the relationship between the rate of a reaction and temperature. Also, we assumed that the mass fraction of inlet gas does not change along the vertical direction. The influence of radiation was ignored because the medium did not take part in radiation. The flow velocity entering the reactor was prescribed as a uniform velocity calculated from the volume flow rate. Hydrogen was used as the carrier gas.
The GaAs, which has advantages in the availability of large-diameter wafers, greater mechanical strength, higher thermal conductivity, and lower cost, is deposited on a heated susceptor governed by the following surface reaction [11, 12] :
GaCH 3 + As s → As + Ga s + 3CH 3 ,
The dilute trimethyl gallium (GaCH 3 ) and arsine (AsH 3 ) were the sources of the Ga and the As, respectively. GaCH 3 and AsH 3 in hydrogen flow down from the top of the wall and move to the high-temperature susceptor. Using these assumptions, we are developing the foundation for the simulations with the commercial code FLUENT, which solves the conservation equations of mass, momentum, energy, and species by using a finite-volume approach and a SIMPLE algorithm.
III. RESULTS AND DISCUSSION

Effect of the Rotating of the Substrate
In general, the rotating disk influences the deposition rate and the uniformity. In this study, we examined the deposition rates and analyzed the flow patterns by using the results of the velocity distribution and the static pressure on the susceptor when the rotating speed of the susceptor was varied from Ω = 0 to 40 to 80 rad/s for the case of constant inlet velocity (u in = 0.38 m/s) and constant substrate temperature (T = 1023 K).
As shown in Figures 3 and 4 , the velocity distributions and the static pressure on the susceptor represent an irregular nature at the edge of susceptor. A thick velocity layer is found near the susceptor surface for the zero rotation case, which is known as a buoyancy-dominated flow. For the case of a stationary substrate with high temperature, a buoyancy-driven recirculation cell is induced above the susceptor. Since the buoyancy-induced circulation blocks the flow of the inlet gas, most of the GaCH 3 and AsH 3 cannot reach the susceptor surface, but moves along the chamber wall toward the outlet directly. Only a small amount of inlet gases can be transported to the surface via diffusion. In addition, for the cases of zero and low rotating speeds of the susceptor, buoyancy-induced flow fields are formed [13] . As the rotating speed increases, the buoyancy-driven recirculation cell disappears, and the rotation-induced flow becomes dominant. In this mode, the feed gases directly reach the hot susceptor, and the source gases spread almost uniformly and parallel to the susceptor over a large area. The result presumes that high-speed rotation results in a pumping effect due to pressure drop (see Figure 4) , so we can get a high, uniform deposition rate. Figure 5 shows the deposition rates of Ga for various values of the rotational speed of the susceptor. As the rotational speed increases, the deposition rate is seen to increase.
Effect of the Reactor Shapes with Various Values of Inlet Velocity
The effect of reactor shape with various values of inlet velocity was investigated when the rotational speed of the substrate was fixed at 80 rad/s. Numerical results are depicted for the deposition rate with each case. Figure 6 represents the results for the deposition rate of Ga on the susceptor for various values of the geometric parameter. From these results, the patterns of deposition rate of Ga and As are seen to be almost the same nature (see Figure 6 (a)). Also, the deposition rate of As was higher than that of Ga by about 1.2 × 10 −6 kg/m 2 s because the mass fraction ratio of AsH 3 (=0.4) was higher than that of GaCH 3 (=0.15), which means that the deposition rate can be controlled by using the mass fraction of inlet gases. Figure 7 shows that a comparison of the deposition rates between case I-a and case I-b for various values of the inlet velocity, u in = 0.34, 0.38 and 0.42 m/s. A rare variation is seen from the center of the susceptor to r = 0.035 m, but the inlet velocity affects the value of the deposition rate after r = 0.035 m. It is also seen that when the inlet velocity is lower (u in = 0.34 m/s), the deposition rate of case I-b is lower than that of case of I-a. The d wall of case I-a is shorter than that of case I-b. That makes the flow distribution fast near the edge of susceptor, so the value of pressure becomes lower. We presumed that such a condition makes available to react to produce thin films.
In order to perform the study of optimal design, the effects of various geometrical parameters were investigated with different distances from the inlet to the susceptor and from the side wall to the susceptor. Figure 8 shows the computed deposition rates of Ga for various distances from the inlet to the susceptor when the inlet velocity was fixed (u in = 0.38 m/s). Results show that the deposition rate of case III is higher than the others, but it is not appropriate for getting a uniform deposition. That result gives a parameter to design CVD reactor defined as h dist , which is used to determine the uniformity and 
IV. CONCLUSIONS
A three-dimensional model of GaAs deposition in a vertical CVD reactor was numerically investigated. The effect of various processes and geometrical parameters on the uniformity was graphically depicted. The following conclusions were obtained: 1) Buoyancy-induced flow fields are formed for the cases of zero and low susceptor rotating speeds. For relatively higher rotation speeds, however, the flow pattern becomes uniform, which results from the pumping effect on the susceptor due to a pressure drop.
2) Comparison of deposition rates between Ga and As show that the pattern of deposition is the same on the susceptor but that the deposition rate of As is higher than that of Ga, because the mass fraction ratio of AsH 3 is higher than that of GaCH 3 . In other words, one can control the deposition thickness by changing the mass fraction.
With the help of computational studies, the effects of operating conditions and design parameters can be used to optimize CVD system more easily.
